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I. INTRODUCTION
The possibility of replacing conventional refrigerators, which operate through compression and decompression cycles, by magnetic refrigerators in the domestic and industrial refrigeration has greatly stimulated the search for new materials that exhibit a large magnetocaloric effect (MCE). This effect is an intrinsic property of a magnetic material arising from the coupling of a magnetic sub-lattice with the magnetic field.
1 For ferromagnetic materials, the MCE exhibits a maximum value around the Curie temperature, T C , and it is greatly enhanced when the magnetic transition is accompanied by a structural one (or a cell-volume change), i.e., when the material undergoes a first-order magnetic transition [2] [3] [4] [5] [6] (FOMT). Therefore, it is of great interest for magnetic refrigeration (MR) technology to discover magnetic materials that show strong coupling between structural and magnetic order parameters.
The physics of perovskite manganites has been an intriguing subject of intense research from both fundamental and applied points of view. 7 In manganite compounds with the general formula R 1Àx A x MnO 3 (R ¼ rare-earth ion, A ¼ divalent ion), the physical properties are controlled by two key factors: the hole-doping level xðMn 3þ =Mn 4þ ratio) and the average ionic radius hr A i of the A-site elements. 8, 9 A small hr A i places the Mn-O bonds under compression and the R/A-O bonds under tension. These internal stresses are relieved by a cooperative rotation of the MnO 6 octahedra, which lowers the symmetry of the unit cell. This effect can induce a FOMT. 10 In the magnetic-refrigeration context, manganites have several advantages such as low production cost, tunable T C , chemical stability, and a relatively high resistivity, which are favorable for reducing eddy-current heating. 11 Most of the manganites show a modest MCE due to a second-order magnetic transition. 12 However, when the transition becomes first order, the MCE values are significantly higher. 13 In this paper, we present a magnetic and magnetocaloric study of the isoelectronic perovskites R 0:6 Sr 0:4 MnO 3 , which reveals a direct relationship between the average ionic radius of the A-site elements hr A i, the MCE, and the Curie temperature. It is found that, with decreasing hr A i, magnetic order occurs at lower temperatures and, interestingly, the MCE increases.
II. EXPERIMENTAL
In order to explore a large region of hr A i values, we have prepared compounds with composition R 0:6 Sr 0:4 MnO 3 (R ¼ La, Pr, Nd, and Sm). In this series, the average ionic radius of the A site (A ¼ (R, Sr)) systematically decreases from hr A i ¼ 1: 25 Table I ) was performed by means of Scherrer formula (using LaB 6 for instrumental corrections), and we found values which are similar to other manganites 16 and they are also very close to each other. Magnetic measurements were carried out using a commercial superconducting quantum interference device (SQUID). Figure 1 shows the temperature dependence of zerofield-cooled (ZFC) and field-cooled (FC) magnetization, measured in the presence of a field of 200 Oe. The compounds do not show any thermal hysteresis, which is beneficial for MR. The Curie temperature was defined as the minimum in the dM/dT vs T curve, and decreases from 341 K for La 0:6 Sr 0:4 MnO 3 to 126 K for Sm 0:6 Sr 0:4 MnO 3 . A T C at room temperature was observed for Pr 0:6 Sr 0:4 MnO 3 . These values are in good agreement with the previous works. 15, 17, 18 This T C dependence of hr A i (shown in Fig. 4 ) is a remarkable feature since by changing hr A i, it is possible to tune T C in a wide range of temperature, which is another advantage for MR. This variation of hr A i is due to the fact that, when ions with smaller ionic radius are introduced into the A site, a void between MnO 6 octahedra is created. This void results in an effective chemical pressure that is accommodated by rotating the octahedra and lowering the symmetry of the cell, thus, lengthening the Mn-O bonds and reducing the Mn-O-Mn bond angles from the ideal 180 . 8, 19, 20 It is important to note that the T C dependence of hr A i presented in Fig. 4 is very similar to that observed by Hwang et al. 8 for manganites with a hole-doping level corresponding to x ¼ 0:3 ðR 0:7 A 0:3 MnO 3 Þ. However, the main difference between our results and those of Hwang et al. is that, in Fig. 4 , T C increases with increasing hr A i in the whole range of hr A i values, while the Hwang's result shows that T C increases with increasing hr A i until reaching a maximum value at hr A i ¼ 1:25Å, and then T C decreases for higher hr A i values. Still in Fig. 1 , it is possible to see that the Pr 0:6 Sr 0:4 MnO 3 exhibits a structural transition at T S ¼ 45 K from orthorhombic (T > T S ) to monoclinic 21 (T < T S ). Sm 0:6 Sr 0:4 MnO 3 presents a peak at 30 K, which has been attributed to an antiferromagnetic transition. 17 All other compounds show ferromagnetic order in the whole temperature range below T C without any additional peak. In addition, all samples exhibit a small irreversibility between ZFC and FC curves, which has been ascribed to the existence of disordered surface layers of the grains. 22 This disordered structure induces magnetic frustration. This kind of bifurcation is much more marked in nanoparticles, 23 where a large ratio of grain boundary surfaces is observed. Fig. 2(a) ) and Pr 0:6 Sr 0:4 MnO 3 ( Fig. 2(b) ) and DT ¼ 2:5 K for Nd 0:6 Sr 0:4 MnO 3 ( Fig. 2(c) ) and Sm 0:6 Sr 0:4 MnO 3 ( Fig. 2(d) (Figs. 2(a)-2(c) ) exhibit very similar behavior. In the paramagnetic state (far above T C ), M changes linearly with H, but the curves at temperatures closer to T C do not show this behavior. We can see a stronger orientation of moment toward the field direction with increasing field strength. Below T C , the curves present a rapid increase of M with increasing H followed by a slow approach to saturation at high fields. Sm 0:6 Sr 0:4 MnO 3 ( Fig. 2(d) ), unlike the other three compounds, exhibits metamagnetic behavior, i.e., a rapid increase in M, above a critical field, in the paramagnetic state at temperatures near T C . Below T C , the compound is a soft ferromagnet. It is noteworthy that metamagnetic transitions are a feature of FOMT;
III. RESULTS AND DISCUSSION
2,4,6 in fact, the Arrott plot for this compound (Fig. 2(h) ) shows a negative slope at temperatures above and near T C , indicating that the transition is really first order according to Banerjee's criterion. 24 A FOMT always indicates a strong coupling of the spin subsystem with the lattice, and we can observe some examples of such couplings in either crystallographic changes at T c , as observed in the case of Gd 5 Ge 2 Si 2 (Ref. 2) and MnAs, 25 or cell-volume variation (keeping the same structure) as observed in the LaðFe; SiÞ 13 system. 26 In the case of Sm 0:6 Sr 0:4 MnO 3 , a large change in the unit-cell volume at T C has already been reported, 17 indicating again a FOMT. The curves for the other three compounds Figs. 2(e)-2(g) do not exhibit any negative slope in the entire M 2 vs M/H range presented, which suggests that the transitions are second order according to Banerjee's criterion.
The magnetic-entropy change DS M was derived from the measured magnetic isotherms using the approximation In contrast, the Sm 0:6 Sr 0:4 MnO 3 curves are asymmetric, and the maximum shows a rapid increase up to À8.4J/kg K for DH ¼ 20 kOe followed by a slow approach to saturation at higher fields (inset of Fig. 3 ). This is a remarkable feature since this rather large magnetic entropy change can be produced by a magnetic field that can be generated by a permanent magnet. This makes that Sm 0:6 Sr 0:4 MnO 3 satisfies the criteria for a material to be used in MR. In order to quantify the magnetic field dependence of DS MAX shown in the inset of Fig. 3 , we performed a fit using the empirical formula 16 DSðHÞ ¼ CH N , where C is a constant. The fit performed in the 0-20 kOe range showed that N¼0.83 and 0.63 for Pr 0:6 Sr 0:4 MnO 3 and Sm 0:6 Sr 0:4 MnO 3 , respectively. For Pr 0:6 Sr 0:4 MnO 3 , the value is in good agreement with previous works, 16, 28 and this higher N exponent indicates a larger sensitivity of DS MAX to magnetic field.
The large DS M of Sm 0:6 Sr 0:4 MnO 3 , for DH ¼ 50 kOe, equal to À9.9 J/kg K and the largest of the presently studied compounds is related to the fact that the transition is firstorder. Furthermore, as shown in Fig. 4 , the magnitude of the maximum DS M (for DH ¼ 50 kOe) of all studied compounds clearly increases as hr A i decreases. This result indicates that a smaller hr A i places the Mn-O bonds under compression and the R/A-O bonds under tension. These internal stresses are relieved by a co-operative rotation of the MnO 6 octahedra that lowers the symmetry of the unit cell. These internal stresses increase the coupling between structural and magnetic order parameters. Thus, a FOMT is induced. 10 In the investigation of manganites with x ¼ 0.3 (R 0:7 A 0:3 MnO 3 ), Hwang et al. 8 have observed that the magnetic transition becomes increasingly hysteretic in temperature with decreasing hr A i, also indicating that, as hr A i decreases, a FOMT is induced. The high values of DS M exhibited by some manganites have been frequently attributed to the field-induced growth and coalescence of ferromagnetic nanoclusters that pre-exist in the paramagnetic phase. 29 The coexistence of different magnetic phases is a consequence of the nature of the transition. A FOMT occurs over ranges in temperature and magnetic field. 30, 31 In other words, when a material exhibits a FOMT, magnetic phases will coexist during the transition, which will give rise to such metamagnetic transitions.
A useful parameter for comparing magnetic materials is the relative cooling power (RCP), 16 defined as RCP ¼ dT Ã DS Max , where the dT is DS peak half width. Table II shows the RCP values for all compounds, where it is possible to see that the Sm 0:6 Sr 0:4 MnO 3 shows the largest value due to its huge DS Max . This value is among the highest observed for manganites. 12 
IV. CONCLUSIONS
In summary, we have investigated the magnetocaloric and magnetic properties of isoelectronic perovskites R 0:6 Sr 0:4 MnO 3 with R ¼ Sm, Nd, Pr, and La. By varying R, it was possible to investigate a large region of hr A i values, while keeping the carrier concentration fixed at 40% hole FIG. 4 . Dependence of magnetic entropy change and the Curie temperature on the average ionic radius of the A-site and tolerance factor. With decreasing hr A i, the structure becomes more distorted, which gives rise to a structural transition from rhombohedral (high symmetry) to orthorhombic (low symmetry). doping. The results show that, as the average ionic radius of the A-site elements decreases, T C decreases and, interestingly, the MCE (the magnetic-entropy change, DS M ) increases. This is due to a stronger spin-lattice coupling for smaller hr A i. This coupling, in turn, leads to a FOMT in the compound Sm 0:6 Sr 0:4 MnO 3 .
